The oxidation of the Rh(111) surface at oxygen pressures from 10 ÿ10 mbar to 0.5 bar and temperatures between 300 and 900 K has been studied on the atomic scale using a multimethod approach of experimental and theoretical techniques. Oxidation starts at the steps, resulting in a trilayer O-Rh-O surface oxide which, although not thermodynamically stable, prevents further oxidation at intermediate pressures. A thick corundum like Rh 2 O 3 bulk oxide is formed only at significantly higher pressures and temperatures.
Oxidation is often associated with corrosion, but under the right conditions it can lead to oxide layers which can be applied, e.g., as protective layers against corrosion, as insulating layers in microelectronic devices, and as catalytic devices [1, 2] . To obtain optimal properties for an oxide layer aimed at a particular purpose, knowledge is required on the fundamental oxidation processes, such as the reactions at the surface and at the metal-oxide interface and the transport of species through the oxide layers. In recent years, this importance has been recognized and, as a consequence, significant attempts have been made to study the initial oxidation of clean and well prepared surfaces under ultrahigh vacuum (UHV) conditions experimentally and theoretically [3] [4] [5] [6] [7] [8] [9] . For late transition metals and noble metals (e.g., Pd and Ag), it is now understood that oxidation proceeds through ultrathin oxide layers, which are thermodynamically stable at intermediate oxygen potentials and can exhibit astonishing complexity [7] [8] [9] [10] . It is unclear whether the same holds for transition metals further to the left in the periodic table, whether ultrathin oxide layers different from the bulk oxide exist on these metals and, if so, whether they are only metastable, transient precursors in the form of subsurface oxygen as suggested in a recent theoretical study [4] . It is also unknown whether metastable ultrathin oxide layers can be stabilized by mechanisms other than simple diffusion barriers. To answer these questions, we demonstrate here experimentally that well ordered ultrathin oxide layers can be prepared on Rh(111), similar to Ag and Pd(111). Extensive density functional theory (DFT) calculations for thin RhO films using realistic models and varying thickness reveal that (i) the bulk Rh 2 O 3 oxide is thermodynamically more stable than ultrathin layers, and (ii) two and three layer thick oxide films form an effective kinetic barrier towards bulk oxide formation. Additionally, we demonstrate that it is now possible to follow, with atomic resolution, the oxygen interaction and oxidation of a metal surface in a pressure range from 10 ÿ10 mbar to 0.5 bar by a combination of several experimental and theoretical techniques, which we consider a key development for further studies.
High resolution core level photoelectron spectroscopy (HRCLS) measurements were done at beam line I311 at MAX II in Lund, Sweden [11] . Scanning tunneling microscopy (STM) measurements were done in Vienna at room temperature using the same instrument as in Ref. [8] . Surface x-ray diffraction (SXRD) measurements were carried out at the ID3 surface diffraction beam line [12] at the ESRF (Grenoble, France). The crystal basis used to describe the (H, K, L) diffraction is a hexagonal basis (a 1 ; a 2 ; a 3 ), with a 1 and a 2 in the surface plane with equal distance [a 0 = 2 p , a 0 Rh 3:80 A] and a 3 perpendicular to the surface (a 0 3 p ). In all cases, the Rh(111) surface was cleaned using standard cleaning methods. Density functional calculations used the Vienna ab initio simulation package (VASP) [13] , employing the projectoraugmented wave method [14] with a plane wave cutoff of 250 eV and generalized gradient corrections [15] . The Rh substrate was modeled by four layer thick slabs, using 8 8 k points in the Brillouin zone of the primitive surface cell.
The initial exposure of the Rh(111) substrate to oxygen does not reveal any peculiarities. As the amount of oxygen is increased, it gradually covers the entire surface forming a series of structures [p2 2,2 1, and 2 3 p 2 3 p R30 ] with oxygen coverages of 0.25, 0.5, and 0.66 ML, respectively [16] . However, at an oxygen partial pressure of around 2 10 ÿ4 mbar and sample temperature of 800 K, the formation of a Rh surface oxide is observed (Fig. 1) , similar to other late transition metals [5, 7, 8] . The STM image in Fig. 1(a) indicates that, for surface oxide formation on Rh(111), the structure A. This is substantiated by the LEED pattern shown in Fig. 1 
(c).
The black hexagon connects the diffraction peaks of the Rh(111) surface. The additional spots result from the moiré pattern. The in-plane lattice distance of the Rh oxide is determined precisely as 3:02
A by SXRD [ Fig. 1(c) ]. Thus, the lattice can be described as an (8 8) hexagonal Rh oxide on a (9 9) Rh(111) surface unit cell. The composition of the surface oxide can be estimated from the number of components in the O 1s and Rh 3d 5=2 core levels found by HRCLS [ Fig. 1(d) ], indicating two different O species as well as one highly O coordinated Rh species (marked ''ox'') and most likely a Rh interface peak (marked ''I'').
Inspired by Ref. [17] , a trilayer oxide consisting of hexagonal layers of O, Rh, and O again was adsorbed on the Rh(111) substrate and relaxed using DFT. In the DFT calculations, 7 7 O-Rh-O unit cells on an 8 8 Rh(111) surface supercell [RhO 2 7 7@Rh8 8], as shown in Fig. 2 , were found to be more stable than the RhO 2 8 8@Rh9 9 structure, probably because the ratio of the theoretical lattice constants of a freestanding hexagonal O-Rh-O layer and the Rh substrate is a O-Rh-O =a Rh 3:10=2:72 8=7 in DFT. As discussed below, this particular trilayer structure is the most favorable surface oxide under certain conditions. The simulated STM image (inset of Fig. 2 ) agrees well with experiment and indicates that the bright spots correspond to the outermost oxygen atoms in the surface oxide. The long range undulations stem from the alignment of the interfacial oxygen atoms, with darker areas corresponding to interfacial oxygen atoms above the Rh hollow sites. At those sites, the binding and the orbital overlap between the metal and the oxide is rather weak resulting in a small tunneling probability. The calculated Rh 3d core binding energy shifts, shown in Fig. 1(d) , are in excellent agreement with experiment. In DFT the core level shifts, including final state effects, are 0.78 and ÿ0:32 eV for the Rh atoms in the oxide and at the interface, respectively (experiment 0.79 and ÿ0:22). The oxygen 1s core levels split by 0.84 eV in DFT compared to 0.91 in experiment, with the oxygen at the interface having the larger binding energy. Furthermore, the trilayer is confirmed by a structural analysis of in-plane and out-of-plane structure factors obtained by SXRD.
We now turn to the details of the calculations for the structural determination of the considered trilayer. First, it is noted that a surface oxide with a periodicity of 3:02 A is not expected on the grounds of the bulk Rh 2 O 3 corundum structure. To determine candidates for the ultrathin oxide, we therefore had to resort to an extensive search of configuration space. This would have been impossible for the experimentally observed lattice with its huge unit cell, but a similar lattice match can be realized in a much smaller supercell by placing a 3 p 3 p R30 oxide overlayer on a 2 2 Rh surface unit cell [see Fig. 3(b) A; theory: a 2:72 A). Using this comparatively cheap setup, we performed an extensive search of configuration space starting from the corundum Rh 2 O 3 lattice. The oxygen atoms were placed at the positions of the oxygen sublattice of the corundum structure allowing only local relaxation but no change in the stacking sequence -a reasonable approximation, since the electrostatic repulsion between the oxygen atoms is minimized in this structure. Thin oxides with 2 -4 oxygen layers were considered. Between each oxygen layer, one, two, or three Rh atoms were placed at the octahedral sites and the structures were optimized. Additionally, for two oxygen layers, the search was extended to structures with a tetrahedral Rh coordination in the oxide as suggested for Al 2 O 3 on Al(111) [20] .
The final surface phase diagram is shown in Fig. 3(a) , and the most favorable structures for 2, 3, and 4 oxygen layers for the 2 2 supercell are depicted in Fig. 3(b) . Results for the large supercell calculations limited to two oxygen layers are included in the phase diagram as well [Rh8 8 and Rh9 9]. For two oxygen layers, the hexagonal trilayer is indeed found to be most stable with almost identical surface energies for RhO 2 3 p 3 p @Rh2 2, RhO 2 7 7@Rh8 8, and RhO 2 8 8@Rh9 9, indicating only weak strain effects. In contrast to oxygen atoms on the clean metal, the oxygen atoms at the oxide/metal interface are located preferentially on top of the surface Rh atoms (shifted slightly towards the bridge site), which agrees with previous studies for VO x and PdO x on Pd [3, 8] . Remarkably, the trilayer termination remains favorable even for thicker oxides. For three oxygen layers (3L), the topmost surface layer contains three Rh atoms, and a fourth single Rh atom is located in the second oxide layer. For four oxygen layers (4L), the trilayer is found at both sides of the oxide, and a single Rh atom interlinks the two O-Rh-O layers. This pattern continues to the (0001) surface of bulk corundum Rh 2 O 3 , where the favorable termination is found to be the same type of sparse Rh layer plus trilayer, resulting in a stacking of
Experimentally, the structure and morphology of the surface and the surface oxide does not change as the O 2 pressure is increased to 1 10 ÿ3 mbar. The oxidation at O 2 partial pressures above 10 ÿ3 mbar is beyond the pressure range of standard UHV experiments. The structural development at higher pressures was therefore studied by SXRD, which allowed us to measure at these O 2 pressures and elevated temperatures. Figure 4(a) shows the development of the H scan at a sample temperature of 800 K. At an O 2 pressure of 10 mbar, a new component appears at ÿ0:91 reciprocal lattice units (r.l.u.) and grows with increasing O 2 pressure, indicating that a thicker Rh 2 O 3 corundum-type oxide starts growing. This suggestion is confirmed by corresponding out-of-plane scans [ Fig. 4(b) ] where we observe an increasing intensity at L 1:43 and L 2:86 corresponding to scattering from the (0001) planes of corundum Rh 2 O 3 (distance 2:308 A). To continue the growth to a thick bulklike oxide (see inset of Fig. 4) , even higher temperatures are required (900 K), probably because diffusion in the already existing oxidized surface is inhibited at lower temperatures. A 
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detailed inspection of reciprocal space confirms that the orientation and geometry of this film is Rh 2 O 3 0001 k Rh111 with the same azimuthal orientation as the trilayer oxide [Rh 2 O 3 1120 k Rh112]. The fact that we are able to observe the coexistence of the 9 9 and the Rh 2 O 3 film in a large pressure range (10 -500 mbar) indicates a kinetic hindrance.
These experimental observations can be understood from the calculated energetic considerations. Our results presented in Fig. 3(a) indicate that a single oxygen trilayer on Rh(111) is in fact only metastable, as the trilayer forms only under conditions where bulk Rh 2 O 3 is already stable (to the right of the thick grey line in Fig. 3 , experimental value ÿ1:19 eV). Hence, the trilayer is only kinetically stabilized, contrary to the situation on Pd(111) where a Pd 5 O 4 adlayer is thermodynamically stable for intermediate oxygen potentials [8] . An important hint to the reason of the kinetic stability of the O-Rh-O trilayer is given by the results for the three and four layer thick oxides. Four (three) layer oxides have a lower stability than the single trilayer for oxygen potentials O < ÿ0:99 eV ( O < ÿ0:78 eV) corresponding to 10 mbar (1 bar) at 800 K. The formation of the bulk oxide must however proceed through thicker oxide layers, which presents a kinetic barrier for the formation of the bulk oxide at too low chemical potentials. Only at sufficiently high pressures is this barrier surmountable, and transformation to the corundum structure is attainable.
In summary, we have characterized the oxidation of a well-defined single crystal metal surface on the atomic scale. As an intermediate structure a hexagonal RhO 2 surface oxide trilayer is observed, which under proper conditions is kinetically stable, since significant barriers inhibit further growth (self-limited oxidation). Similar trilayers have been observed on other surfaces, for instance, VO x on Pd(111) [3] and RhO 2 =Rh100. It is tempting to conclude that hexagonal trilayer structures are favorable transient structures occurring during the oxidation of metals, and that these structures, under certain conditions, act as a protective layer preventing further oxidation.
The present study also continues the 4d series from Ag, over Pd to Rh. On Ag(111) the surface oxide is thermodynamically stable for a fairly large range of oxygen potentials (0.25 eV, Ref. [9] ) whereas for Pd its stability regime is narrower (0.15 eV, Ref. [8] ), and finally for Rh the surface oxide is only a transient, kinetically stabilized structure. This trend suggests that oxidation via ultrathin stable or metastable surface oxides is specific to the late transition metals and noble metals.
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